optics, 4 and surface enhanced Raman spectroscopy. 5, 6 Among the known metal nanoparticles, palladium is widely studied because of its characteristic optical, spectroscopic, magnetic and catalytic properties. The development of the preparation of uniform palladium nanoparticles becomes a very important issue in their application to heterogeneous catalysis and to the hydrogen storage materials. 7 Several synthetic approaches and different palladium precursors have been applied to generate palladium nanoparticles having different shapes and sizes: chemical reduction of PdCl 2 by NaBH 4 8 and by arc-discharge, 9 reduction of Pd(OAc) 2 in supercritical carbon dioxide, 10 thermally induced reduction of Pd(Fod) 2 , 11 and sonochemical reduction of PdCl 2 . 12 To prevent the formation of undesired agglomerates of palladium nanoparticles, the processes have been performed in the presence of various surfactant molecules.
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The size and shape of palladium nanoparticles have been discussed as a function of metal precursor concentration and of the effect of the surfactant molecules. However, the aqueous-phase synthesis of uniform nanoparticles by environmentally friendly process is still challenging.
In this work, we present a study of the photosynthesis of palladium nanoparticles at the water/oil interface without any additional templates and reducing agents. We found that palladium nanoparticles can be easily formed by irradiating biphasic mixture consists of diethyl ether and aqueous palladium salt solution with a conventional fluorescent light. The physicochemical characteristics of the prepared nanoparticles were examined by various analytical tools such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).
Experimental Section
K 2 PdCl 4 was purchased from Aldrich. Other chemicals, unless specified, were reagent grade, and triply distilled water (resistivity greater than 18.0 MΩ·cm) was used when preparing aqueous solutions.
Palladium nanoparticles were fabricated as follows. 5 mL of freshly prepared K 2 PdCl 4 aqueous solution (5 mM) was taken in a vial along with 5 mL of diethyl ether resulting in a biphasic mixture with the colorless organic part on top and yellow-colored aqueous solution below. The system is then irradiated with a conventional 45-W fluorescent light for 12 hr. A thin film is formed slowly at the liquid/liquid interface. The interfacial films could be easily transferred to solid substrates. In fact, the biphasic mixture was poured into a Petri dish and the diethyl ether phase evaporated to leave a uniform film on the surface of water. This film was lifted onto mica substrates and carbon-coated TEM grids for further analysis.
The scanning electron micrographs and EDX data of the samples were taken with field emission scanning electron microscope (FESEM, Phillips Model XL30 S FEG). The TEM images were acquired by using a JEOL JEM-2010 transmission electron microscope operating at 200 kV. XPS measurements were carried out using a VG Scientific ESCALAB 250 spectrometer, using Al Kα X-ray (1486.6 eV) as the light source. The base pressure of the chamber was ~1 × 10 −10 Torr and the electron take-off angle was 90 o .
Results and Discussion
The freshly prepared aqueous solution of K 2 PdCl 4 (5 mM) was taken in a vial along with diethyl ether resulting in a biphasic mixture with the colorless organic part on top and yellow colored hydrosol below (inset of Figure 1a , left). After irradiation of this mixture with a conventional 45-W fluorescent light for 12 hr, a thin film with black color is formed at the water/oil interface (inset of Figure 1a , right). The interfacial film could be transferred to mica substrates and carbon-coated TEM grids and then studied by SEM, EDX, TEM, and XPS. Figure 1a shows a typical SEM image of the transferred film on mica. From the SEM image, it is clearly seen that the as-prepared product consists of nano-sized particles. The presence of Pd in the sample was confirmed by EDX analysis during the SEM observation (Figure 1b) . The palladium nanoparticle shape and size in the interfacial film and their distribution have been investigated using TEM. A typical TEM image of the transferred film on carbon-coated TEM grid is presented in Figure 2a . The higher magnification TEM image of the film is also presented in the inset of Figure 2a . As shown in TEM images, the photochemical reduction of Pd(II) ions leads to the formation of nanoparticles which are clearly separated and have, in general, a rounded shape. The size distribution of the prepared particles is relatively wide, with average diameter of about 19.2 ± 7.4 nm. The electron diffraction pattern obtained by focusing the electron beam on palladium nanoparticles lying flat on the TEM grid is shown in Figure 2b . The observed diffraction rings can be assigned to the (111), (200), (220), and (311) diffractions of Pd metal with face-centered cubic (fcc) structure. This indicates the existence of a fcc structure of palladium in the nanoparticles.
We have used the aqueous/organic biphasic system as a reaction medium for the fabrication of palladium nanoparticles because nanostructured materials can be readily assembled at the aqueous/organic interface. 14, 15 At the interface, self-assembly of nanoparticles is dictated by a minimization of the interfacial energy. From this interfacial entrapment process, palladium nanoparticles can be easily collected without further purification step such as centrifugation. Indeed, the interfacial films can be collected by transferring them to solid substrates.
In the previous studies on the assembly of nanoparticles at the liquid/liquid interface, 14, 15 it was observed that the interfacial film was uniformly composed of extremely large domains of the nanoparticle monolayers without any apparent disruption in the close-packed assembly of the nanoparticles. In the domain, the nanoparticles are in-plane packed with very regular pattern and the particles in the 2-D assembly are to a large extent well separated from one another. Other earlier studies have demonstrated the very regular, hexagonal arrangement of silica-coated gold nanoparticles 16 as well as CdSe quantum dots. 17 In the present study, however, palladium nanoparticles film does not show well-ordered structure. It could be due to the fact that the palladium nanoparticles of this study are not monodisperse (ca. 38 % standard deviation) and it is known that this level of polydispersity does not lead to good two-dimensional ordering.
To gain more insight into the prepared nanoparticles, we have performed XPS measurements. XPS turned out to be a powerful tool for the investigation of metal nanoparticles. 18 High-resolution Pd 3d X-ray photoelectron spectrum of the palladium nanoparticles is shown in Figure 3 . As shown in the figure, Pd 3d XPS spectrum obtained from the palladium nanoparticles films was characterized by peaks with binding energies of 335.10 eV for 3d 5/2 and 340.35 eV for 3d 3/2 , both distinctive for Pd metal. 19 The line shape of the highresolution Pd 3d 3/2 peak indicates that there are three types of valent states. As shown in Figure 3 , the main component at binding energy of 335.10 eV corresponds to a zero-valent state of Pd, while the minor components at 336.30 and 337.90 eV are assigned to a nonzero-valent state. 19 The presence of nonzero-valent state of Pd indicates the formation of PdO or PdO 2 on the surface of nanoparticles. In fact, the formation of PdO layer on the surface of the palladium nanoparticles by the oxidation of Pd by air has also been , or Ag + by 254 nm induced the formation of metal nanoparticles in the presence of surfactants that prevent nanoparticles from agglomerating. 21, 22 Thin palladium film on a Si substrate produced by vacuum ultraviolet (VUV) induced decomposition of palladium acetate has also been reported. 23 The formation of palladium nanoparticles by visible light irradiation may be ascribed to the fact that aqueous PdCl 4 2− solution shows a prominent broad absorption feature in the visible range (centered at 420 nm). The emission spectrum of the fluorescent tube used as the excitation source exhibits bands at 405 nm and 435 nm. These emission bands can thus induce photochemical excitation of metal ion precursor, and can lead to the formation of nanoparticles.
Conclusions
We have developed a facile and effective solution-phase method for fabrication of palladium nanoparticles by visible light irradiation of the diethyl ether/aqueous solution of palladium salt biphasic mixture. Our synthetic approach does not require any additional templates and reduction agents, and thus offers not only an attractive possibility for the manufacture of thin film microcircuits and devices, but also could offer a very efficient and economic technique for the preparation of nanoparticles. The resulting palladium nanoparticles would be expected to be useful for applications ranging from high-efficiency computing, fuel cell, hydrogen storage, light harvesting in photovoltaic cells, to supersensitive sensors. Currently, we are attempting to synthesize other metal nanoparticles by using various metal precursors.
